Background: The development of intra-abdominal hypertension [IAH] in critically ill patients admitted to the ICU is an independent predictor of mortality. In an attempt to find an early, clinically relevant metabolic signal of modest IAH, we investigated abdominal wall metabolite concentrations in a small group of patients undergoing laparoscopic surgery. We hypothesized that elevated intra-abdominal pressure [IAP] due to pneumoperitoneum leads to an increased lactate/pyruvate [L/P] ratio in the rectus abdominis muscle [RAM], indicating anaerobic metabolism. Method: Six patients scheduled for elective laparoscopic gastric fundoplication were studied. Two hours before surgery, a microdialysis catheter (CMA 60, CMA Small Systems AB, Solna, Sweden) was inserted into the RAM under local anaesthesia. Catheter placement was confirmed by ultrasound. The microdialysis perfusion rate was set at 0.3 μL/min. Dialysate was collected hourly prior to pneumoperitoneum, during pneumoperitoneum, and for 2 h after pneumoperitoneum resolution. IAP was maintained at 12 to 13 mmHg during the surgery. The glucose, glycerol, pyruvate and lactate contents of the dialysate were measured. Results: The median (interquartile range) L/P ratio was 10.3 (7.1 to 15.5) mmol/L at baseline. One hour of pneumoperitoneum increased the L/P ratio to 16.0 (13.6 to 35.3) mmol/L (p = 0.03). The median pneumoperitoneum duration was 86 (77 to 111) min. The L/P ratio at 2 h post-pneumoperitoneum was not different from that at baseline (p = 1.0). No changes in glycerol or glucose levels were observed. Conclusions: IAH of 12 to 13 mmHg, even for a relatively short duration, is associated with metabolic changes in the abdominal wall muscle tissue of patients undergoing laparoscopic surgery. We suggest that tissue hypoperfusion occurs even during a modest increase in IAP, and intramuscular metabolic monitoring could therefore serve as an early warning sign of deteriorating tissue perfusion.
Introduction
The development of intra-abdominal hypertension [IAH] in critically ill patients admitted to the ICU is an independent predictor of mortality [1] . The incidence of IAH is as high as 20% to 40%, while the most severe form of IAH, abdominal compartment syndrome [ACS] , occurs in 5% to 10% of ICU patients [2] [3] [4] [5] [6] .
The diagnosis of IAH/ACS is made based on the measurement of intra-abdominal pressure [IAP] , and it is dependent on the accuracy and frequency of the measurements [7] . To date, no clinically relevant biochemical markers have been available to indicate when IAH/ACS becomes clinically significant and thereby begins to affect end-organ perfusion. The lower threshold for the diagnosis of IAH is arbitrarily defined and supported by only a few epidemiological studies [2, 8] . Although IAP exceeding 12 mmHg is considered a mild form of IAH, it does not usually lead to an immediate change in clinical behaviour or decision-making [3] . At IAP values ranging from 12 to 15 mmHg, many clinicians simply wait and monitor the progression of the clinical condition rather than make changes to the treatment. Decreasing urine output is often the primary clinical trigger for initiating treatment to decrease IAP. However, it is reasonable to assume that tissue perfusion may have already been severely jeopardized by the time of onset of oliguria or anuria. In the present pilot study, we examined whether a short-lasting IAH at 12 mmHg is associated with altered oxidative tissue metabolism indicative of tissue hypoperfusion.
Microdialysis has been successfully used in animal experiments to assess metabolic changes during IAH. A high lactate-pyruvate [L/P] ratio was detected in the dialysate from the rectus abdominis muscle [RAM] in animal models of severe IAH [9] . More generally, microdialysis has been used to monitor oxidative metabolism in patients with severe brain injury as well as during liver transplantation, plastic surgery and cardiovascular surgery [10] [11] [12] [13] . In all of these studies, an increased L/P ratio has been used as a marker of tissue ischemia.
In an attempt to find an early metabolic signal of IAH, we measured the abdominal wall metabolite concentrations in a small group of patients undergoing laparoscopic surgery. We hypothesized that IAP elevation during pneumoperitoneum leads to insufficient tissue perfusion of the RAM and that the L/P ratio is increased in parallel as a signal of anaerobic metabolism.
Materials and methods
The study was approved by the University of Tartu Ethics Review Committee on Human Research (protocol number: 170/T-11 28.04.2008). Informed consent was obtained prior to inclusion in the study. The study was performed in accordance with the Helsinki Declaration. Because this was a prospective observational study and not an interventional trial, we did not register the study with clinicaltrials. gov.
Patients
Eight patients scheduled for elective laparoscopic surgery were enrolled. Two of these patients were excluded because of catheter misplacement during the surgery. All patients underwent laparoscopic gastric fundoplication. Altogether, three women and three men with a median age of 36 (30 to 42) years were studied. The patients' median body mass index was 26.2 (23.3 to 28.1), and the median haemoglobin concentration before surgery was 145 (137 to 160) g/L.
Anaesthesia and surgery
Five patients received sodium thiopental and one patient received propofol for the induction of general anaesthesia.
During all surgeries, anaesthesia was maintained with sevoflurane with FiO 2 ranging from 30% to 50%, as decided by the attending anaesthesiologist. Atracurium besylate (GlaxoSmithKline, Greenford, UK) was used as a muscle relaxant. To ensure an equal degree of muscle relaxation in every patient, the dose was adjusted according to kinesiomyography (E-NMT, Datex, Helsinki, Finland). Ventilators were set in volume-controlled mode and regulated to achieve normal (35 to 45 mmHg) end-tidal CO 2 . The end-expiratory pressure was set at 0 cmH 2 O. Patient vital signs during anaesthesia were recorded with a GE Aisys anaesthesia machine (GE Datex Ohmeda Aisys, Helsinki, Finland). Blood samples for lactate measurements were drawn from an arterial cannula before and after pneumoperitoneum. Pneumoperitoneum was introduced by insufflation of CO 2 at the beginning of surgery. The IAP was held at 12 to 13 mmHg using an automated insufflator.
Microdialysis
Two hours before surgery, a microdialysis catheter (CMA 60, CMA Small Systems AB, Solna, Sweden) was inserted into the RAM under local anaesthesia (2% lidocaine). Catheter placement was confirmed by ultrasound (MicroMaxx, SonoSite Inc., Bothell, WA, USA). The microdialysate perfusion rate was set at 0.3 μL/min. Dialysate was collected hourly prior to pneumoperitoneum, during pneumoperitoneum, and for 2 h after pneumoperitoneum resolution. The samples were stored in a freezer at -80°C for a maximum of 10 months at Tartu University Hospital, Estonia and were sent to Tampere University Hospital in a single shipment for further analysis. The glucose, lactate, pyruvate and glycerol contents of the microdialysates were measured with a CMA 600 analyser (CMA Small Systems AB, Solna, Sweden).
Statistical analyses
This was a pilot study, and prior RAM L/P ratio data for IAH in humans were not available. We were therefore not able to perform any meaningful power calculations for sample size estimation. Rather, these data will be used for those purposes in future studies to allow for adequate sample size calculation. The first analysis was undertaken after obtaining data from six patients. Statistical analysis was performed using GraphPad Prism 5.02 (GraphPad Software, Inc., San Diego, CA, USA). The Wilcoxon matched-pairs test (non-parametric) was used to test the median differences in paired data. Data are presented as medians with interquartile ranges. Differences were considered statistically significant at p < 0.05.
Results
The surgery and clinical course were uneventful in each patient. One patient experienced syncope before The L/P ratio increased during pneumoperitoneum in all patients. The median L/P ratio was 10.3 (7.1 to 15.5) mmol/L at baseline, and it increased to 16.0 (13.6 to 35.6) mmol/L after 1 h of pneumoperitoneum (p = 0.03). L/P ratio values were not correlated with MAP or APP. Individual dynamics are shown in Figure 1 . The patient who suffered from syncope at preparation to anaesthesia had normal baseline values, but a marked increase was observed in the L/P ratio, from 1.2 to 54.1 mmol/L, during pneumoperitoneum. This individual maintained a high L/ P ratio during the 2 h of observation after pneumoperitoneum. In the other patients, we observed a gradual decrease of the L/P ratio to the previous baseline level by 2 h after the end of pneumoperitoneum (Figure 2) . The median RAM tissue glucose level at baseline was 3.3 (0.1 to 4.4) mmol/L (Figure 3) . The surgery did not cause significant changes, although a trend of decreasing glucose levels during pneumoperitoneum was observed. At 60 min of pneumoperitoneum, the glucose level was 
Discussion
The present study demonstrates that IAP increases to only 12 mmHg for a relatively short duration are associated with metabolic changes in the abdominal wall muscle tissue of patients undergoing laparoscopic surgery. This indicates that anaerobic metabolism, and thereby RAM hypoperfusion, occurs upon very modest increases of IAP. Several recent studies have shown that an increase in the mean IAP is associated with adverse ICU outcomes [2, [14] [15] [16] . However, the time course of IAP-related adverse events in humans is poorly understood. To address this issue, we used microdialysis-aided sample collection from the extravascular space of the RAM. The RAM is surrounded by a tight sheet of fascia, which makes the muscle-fascia compartment relatively noncompliant. Thereby, the pressure in the intraabdominal cavity is reflected to the muscle tissue and its perfusion. Meier and co-workers used a similar microdialysis approach in a rat model of IAH. They showed that during a 3-h period of IAP at 20 mmHg, the L/P ratio in the RAM tissue increased significantly, indicating ischemia and energy failure. To the best of our knowledge, the present study is the first to make similar observations in humans. Our findings are generally in accordance with previous animal experiments [9] . Notably, metabolic changes in the human RAM tissue were observed at lower levels of IAP than those that were found to cause metabolic changes in rats.
The limitations of our study include its small sample size and microdialysis-related problems, specifically catheter displacement before or during surgery in two patients. The first limitation is expected, given that we are reporting these results as a pilot trial. The latter reflects the limitations of the method per se. Microdialysis is an invasive, relatively expensive and time-consuming procedure. Therefore, this study lacks comparative data from control patients or other anatomical regions of the same patient. Because the insertion of a central venous line was not clinically indicated in these patients, we also did not measure global indices of preload and circulation, which would be required for an in-depth interpretation of the microdialysis data. However, the observed arterial blood pressure and heart rate dynamics do not suggest remarkable alterations in cardiac output during pneumoperitoneum.
The L/P ratio of a tissue reflects its reaction to changing oxygen and glucose supplies [17] , and it is a better marker of cell ischemia than lactate alone [18] . Lactate might also be produced under aerobic conditions [19] , while the L/P ratio is a specific marker of anaerobic conditions. In severe sepsis, the L/P ratio is an independent predictor of 28-day mortality [20] . One possible explanation for this observation is that it may reflect the reduced activity of pyruvate dehydrogenase, which leads to the anaerobic metabolism of pyruvate to lactate and an elevated L/P ratio [19, 21] . During endotoxin shock, the L/P ratio of pre-hepatic venous blood can be increased due to the intestinal uptake of pyruvate [22] .
During ischemia, both the oxygen and the glucose supply to the tissue are compromised. Inadequate delivery combined with increased uptake leads to a marked decrease in the interstitial glucose levels during severe ischemia [23] . We observed a decrease in dialysate glucose levels in our patients, although this trend was not statistically significant. It may be speculated that a moderate increase in IAP due to pneumoperitoneum for laparoscopy is not severe enough to deprive glucose delivery to the RAM tissue in these patients.
Elevated tissue glycerol levels indicate cell membrane damage. Bäckström et al. have demonstrated that mesenteric vein glycerol is an indicator of splanchnic ischemia [19] . We observed no significant changes in RAM glycerol; however, there was a trend toward higher glycerol levels during pneumoperitoneum, which may further support the idea that tissue injury is caused by increased IAP.
IAH has a global impact on the human body. It results in a variable series of pathophysiological consequences, the specifics of which depend on the underlying diagnosis [24] . Although epidemiological studies suggest a threshold of 12 mmHg for the diagnosis of IAH, it is doubtful whether a single IAP level can be universally [27] . In all of these animal experiments, significant changes were described at markedly high levels of IAP. The results of the present study, in which an increased L/P ratio in the rectus muscle tissue of our patients was observed after only 1 h of moderate IAH, are surprising. However, it remains unclear whether the observed metabolic changes in RAM are directly related to the altered perfusion of intra-abdominal organs, whether they are related to clinical outcome and whether patient treatment should be modified based on these metabolic changes. The results indicate that IAP levels of 12 mmHg are associated with unfavourable metabolic conditions, and they therefore support the recommended IAH grading [5] . The European practice guidelines for pneumoperitoneum in laparoscopic surgery states that IAP levels higher than 12 mmHg should be avoided and that the duration of the procedure must be kept as short as possible [28] .
Conclusions
The present study demonstrates that even a mild to moderate increase of IAP for a short duration is associated with unfavourable metabolic changes in the RAM. Further investigation is required to evaluate whether microdialysis can be used as a diagnostic tool for the detection and grading of IAH.
Abbreviations ACS: abdominal compartment syndrome; APP: abdominal perfusion pressure; GE: General Electric; IAH: intra-abdominal hypertension; IAP: intra-abdominal pressure; IV: intravenous; L/P ratio: lactate-to-pyruvate ratio; MAP: mean arterial pressure; RAM: rectus abdominis muscle.
